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Introduction {#sec1-1}
============

Traumatic brain injury (TBI) is the leading cause of death and severe disability in trauma patients. Moreover, TBI is becoming a serious public health problem and TBI events are gradually increasing worldwide (Menon et al., 2010; Lyeth, 2016; Li et al., 2019a). In Europe, TBI resulted in approximately 2.1 million hospital discharges and 82,000 deaths in 2012 (Majdan et al., 2016). In the United States, approximately 2.5 million people each year sustain a TBI, resulting in 282,000 hospitalizations and 56,000 deaths (Taylor et al., 2017). In China, overall TBI-related mortality has remained at a relatively high level, ranging from 12.99 to 17.06 cases per 100,000 people between 2006 and 2013 (Cheng et al., 2017). Moreover, TBI survivors typically face prolonged disruption to normal personal, family and work functions (Lyeth, 2016). Patients with severe TBI experience disabilities, which often require extensive rehabilitation (Wagner and Kumar, 2018; Bown et al., 2019). Because the pathophysiological mechanisms of TBI are complex and unclear, effective pharmacotherapies for TBI are lacking. Thus, there is increasing need to elucidate the mechanisms underpinning TBI pathophysiology and to develop treatments and interventions for TBI patients.

TBI events include both primary and secondary injuries (Hiebert et al., 2015). Mechanical displacement of brain tissue at the injury moment causes the primary insult. Therefore, the primary injury is almost impossible to treat (Gajavelli et al., 2015). TBI-caused secondary brain injury has become the main focus of much research. There are many potential intervention targets to explore and select for the treatment of TBI because it occurs gradually, developing after hours or even days. Secondary injury involves several cellular processes including reactive oxygen species generation, mitochondrial dysfunction, endoplasmic reticulum stress, vascular abnormalities, neuroinflammation, apoptosis, and excitotoxicity (Cao et al., 2016; Sun et al., 2016; Yang et al., 2017; Tan et al., 2018; Corbett et al., 2019; Lee et al., 2019). Mitochondria illustrate the negative effect of TBI secondary effects (Gajavelli et al., 2015; Wang et al., 2015; Yang et al., 2017; Fraunberger et al., 2019). TBI causes neuronal mitochondrial dysfunction, as indicated by the accumulation of reactive oxygen species in the mitochondria and decreased mitochondrial membrane potential (MMP), resulting in mitochondrial permeability transition pore (mPTP) opening (Yang et al., 2017; Tan et al., 2018). It has been shown that silent information regulator family protein 1 (SIRT1) activation and p38 mitogen activated protein kinase (MAPK) pathway inhibition can exert a neuroprotective effect by preventing secondary injury resulting from TBI (Zhao et al., 2012; Yang et al., 2017). Endoplasmic reticulum stress occurs before the mitochondrial damage after secondary brain injury post-TBI (Sun et al., 2017; Tan et al., 2018). Thus, intervention in these mechanisms could provide a new therapeutic strategy for TBI.

Polydatin (3,4′,5-trihydroxystibene-3-monoglucoside) is a monocrystalline drug that can be isolated from a traditional Chinese medicine herb, Polygonum cuspidatum (Wang et al., 2013; Li et al., 2015b; Liao et al., 2018). Polydatin protects the mitochondria of neuronal cells, hepatocytes, myocardial and arterial smooth muscle cells after severe ischemia/reperfusion injury (Wang et al., 2012, 2013; Li et al., 2015b; Ling et al., 2016). Polydatin has been identified as a potential therapy in sepsis-induced multiple organ dysfunction syndrome to alleviate mitochondria damage in the liver, kidney, lung and intestine (Li et al., 2014, 2015b; Zeng et al., 2015a, b). Notably, its effect is superior to resveratrol, which is another well-known mitochondrial protector (Wang et al., 2012, 2013; Li et al., 2015b; Ni et al., 2017). Like resveratrol, polydatin is also a SIRT1 activator and can reinstate SIRT1 activity in the intestine after sepsis, in pulmonary arteriolar smooth muscle cells during hypoxia/reoxygenation, as well as in the kidney and hepatocytes after hemorrhagic injury (Li et al., 2015b, 2017; Zeng et al., 2015b). However, the effect of polydatin on neuronal mitochondria following TBI-induced secondary brain injury has not been investigated.

This present study aimed to explore the protective effect of polydatin on TBI-induced secondary brain injury, and to clarify the relationship of polydatin with SIRT1 and the p38 MAPK pathway.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

A total of 148 specific-pathogen-free male Sprague-Dawley rats aged 12 weeks and weighing 220--250 g were housed individually under controlled environmental conditions with a 12-hour light/dark cycle and unrestricted access to pellet food and water. The animals were purchased from the Experimental Animal Center of the Southern Medical University in China (certification number: SYXK (Yue) 2016-0167). All surgical interventions were performed under anesthesia with a mixture of 13.3% urethane and 0.5% chloralose (0.65 mL/100 g body weight, intraperitoneally). All efforts were made to reduce the number of animals used and to minimize animal discomfort. This study was approved by the Animal Care and Use Committee of the Southern Medical University, China (approval number: L2016113) on January 1, 2016. The experimental procedure followed the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No 85-23, revised 1985).

Lateral fluid percussion brain injury {#sec2-2}
-------------------------------------

Surgical procedures were performed as previously described (Chen et al., 2013; Yang et al., 2017; Tan et al., 2018). Briefly, anesthetized rats were placed in a stereotaxic frame. After incision of the scalp, the temporal muscles were reflected and a 4.8 mm craniotomy was drilled (2.5 mm lateral to the sagittal sinus and centered between bregma and lambda). A hollow female Luer-Lok fitting was placed directly over the dura and rigidly fixed using dental cement. Prior to the induction of trauma, the female Luer-Lok was connected to the fluid percussion injury device *via* a transducer (Biomedical Engineering Facility, Medical College of Virginia, USA). For the infliction of TBI, a metal pendulum was released from a pre-selected height, leading to a rapid injection of normal saline into the closed cranial cavity. The pulse of increased intracranial pressure of 21--23 ms duration was controlled and recorded by an oscilloscope (Agilent 54622D, MEGAZoom, Germany). The severity of injury inflicted on the animal was altered by adjusting the amount of pressure generated by the pendulum. For the present experiment, a severe injury level was induced (3.5 ± 0.2 atm) (Chen et al., 2013; Tan et al., 2018). Sham animals underwent identical preparatory procedures, including craniotomy, but were not injured.

Experimental groups and drug administration {#sec2-3}
-------------------------------------------

The first experiment analyzed ROS production, mitochondrial injury-related indicators, ER stress and apoptosis-related proteins. The rats were randomized into the sham group, the TBI group, the TBI + SRT1720 group and the TBI+ polydatin group. SRT1720 (SIRT1 agonist, 20 mg/kg; Merck Millipore, Boston, MA, USA) was intraperitoneally injected immediately following TBI (Khader et al., 2017). Polydatin (30 mg/kg; Haiwang, Shenzhen, China) was intraperitoneally injected immediately following TBI (*n* = 18/group) (Wang et al., 2013). Each rat injured-side cortex was isolated at 6 hours post-TBI. The second experiment analyzed neurological score, including a sham-treated control group, as well as groups sacrificed at 6, 12, 24, 72, and 168 hours post-TBI (*n* = 6/group). The third experiment analyzed survival. The rats were randomized into the sham group, the TBI group, the TBI + SRT1720 group and the TBI + polydatin group (*n* = 10/group).

Isolation of rat cortical neurons {#sec2-4}
---------------------------------

Neurons are sensitive to hypoxic ischemia and require constant immersion in Dulbecco's Modified Eagle's minimal essential medium (DMEM) during neuronal isolation (Brewer and Torricelli, 2007; Ray et al., 2009). To rapidly isolate cortical neurons from the injured side of the rat brain, we followed a previously described method with some minor modifications. After the TBI procedures, the injured-side cortex was cut into fragments, and cells were dissociated by incubation for 30 minutes at 37°C with 2 mg/mL papain in DMEM. The immune adherence method was used to achieve a pure cell population. Cell suspensions were poured into anti-neural cell adhesion molecule-coated petri dishes (Millipore, Boston, MA, USA) and placed on a shaker for 1 hour, after which the adhered cells were collected. Trypan blue was used to identify and exclude nonviable cells.

Mitochondrial reactive oxygen species measurement {#sec2-5}
-------------------------------------------------

Neurons were isolated, as described above, from the cortex on the injured side at 6 hours post-TBI. Mitochondrial reactive oxygen species (O~2~ ^--^.) was detected using the fluorescent MitoSOX probe (Molecular Probes, Carlsbad, CA, USA). Neurons were incubated with 4 µM MitoSOX (red fluorescence) for 30 minutes at 37°C in the dark. The fluorescence intensities of reactive oxygen species (O~2~^--^.) probes were analyzed by flow cytometry (BD FACSVerse™; BD, Franklin, NJ, USA). Data were analyzed by BD FAC Suite software (BD FACSVerse™).

Malondialdehyde (MDA) determination {#sec2-6}
-----------------------------------

The injured-side cortices from 6 rats were isolated at 6 hours post-TBI. The cortex tissue was placed into a 1.5 mL centrifuge tube. 250 μL of RIPA buffer was added with protease inhibitors. Homogenate was then centrifuged at 11,000 × g for 10 minutes at 4°C. MDA content was determined using a thiobarbituric acid assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The optical density at 532 nm was measured using a spectrophotometer. 1,1,3,3-Tetramethoxypropane was used as an external standard. MDA level is expressed as nanomoles per milligram of protein.

Superoxide dismutase activity (SOD) determination {#sec2-7}
-------------------------------------------------

The injured-side cortices from rats were isolated at 6 hours post-TBI. The cortex tissue was placed into a 1.5 mL centrifuge tube. 250 μL of RIPA buffer was added with protease inhibitors. Homogenate was then centrifuged at 11,000 × g for 10 minutes at 4°C. SOD activity of the cortex tissue was determined using Xanthine Oxidase Assay Kits (Nanjing Jiancheng Bioengineering Institute) and expressed as units per milligram of protein.

SIRT1 deacetylase activity detection {#sec2-8}
------------------------------------

SIRT1 deacetylase activity of the isolated injured-side cortical tissue was performed as previously described using the Cyclex SIRT1/Sir2 Deacetylase Fluorometric Assay Kit (Catalog number CY-1151; Cyclex, Nagano, Japan) (Li et al., 2015b). Briefly, the cortex tissue (100 mg) was homogenized in 500 μL of immunoprecipitation buffer (T-PER Tissue Protein Extraction Reagent 78510; Pierce, Rockford, IL, USA). For immunoprecipitation assay of SIRT1, primary antibody against SIRT1 (10 μg) was incubated overnight with precleared lysates (800 μg) at 4°C before the addition of 20 μL of protein agarose A/G beads (Protein A/G PLUS agarose: sc-2003; Boston, MA, USA). The reactions were rotated for 2 hours at 4°C. The beads were extensively washed and centrifuged followed by a deacetylation assay. The final reaction mixture (50 μL) contained 50 mM Tris-HCl (pH 8.8), 0.5 mM dithiothreitol, 0.25 mAU/mL lysyl endopeptidase, 1 μM trichostatin A, 200 μM NAD^+^ and 10 μL of tissue extraction. The mixtures were mixed well and incubated for 30 minutes at room temperature. The fluorescence intensity (excitation wavelength 340 nm, emission wavelength 460 nm) was measured using an automatic microplate reader (SpectraMax M5, Shanghai, China).

Neurological score evaluation {#sec2-9}
-----------------------------

Neurological deficiency was assessed by a blinded investigator 6, 12, 24, 72 and 168 hours post-TBI as previously reported (Yang et al., 2017). Behavioral tests included the ability to maintain position on an inclined plane (vertical, right horizontal, and left horizontal positions), left and right forelimb flexion after suspension by the tail, and degree of resistance to right and left lateral pulsion. The seven individual scores, each graded from 0 (severely impaired) to 5 (normal function) according to Faden et al. (1989), were added to yield a composite neurological score ranging from 0 to 35.

MMP detection {#sec2-10}
-------------

Neurons were isolated from the injured-side cortex at 6 hours post-TBI, as described above. The MMP was measured using the fluorescent JC-1 probe (Invitrogen, Carlsbad, CA, USA). In mitochondria with normal membrane potentials, JC-1 forms aggregates that fluoresce red, whereas in damaged, depolarized mitochondria, JC-1 forms monomers that fluoresce green. Isolated neurons were incubated in DMEM containing 5 µM JC-1 for 15 minutes at 37°C. Relative fluorescence was subsequently measured by flow cytometry. Data were analyzed using BD FAC Suite software (Franklin, NJ, USA).

mPTP determination {#sec2-11}
------------------

Neurons were isolated from the injured-side cortex of each rat at 6 hours post-TBI. The mPTP opening was measured by incubating the isolated neurons at room temperature for 15 minutes in the dark in DMEM containing 1 µM calcein-AM (Invitrogen) and 2 mM CoCl~2~. Cells were analyzed by flow cytometry (BD FACSVerse™; BD Biosciences, San Jose, CA, USA) to quantify green fluorescence. Resulting mPTP values were determined by BD FACSuite software (BD Biosciences; Franklin Lakes, NJ, USA).

Morphological observation {#sec2-12}
-------------------------

The rat injured-side cortex was isolated at 6 hours post-TBI. The morphological changes of neuronal mitochondria were observed by transmission electron microscopy (Philips CM10; Philips, Eindhoven, The Netherlands). The injured-side cortex tissues were fixed with 2.5% glutaraldehyde and stained with cacodylate-buffered osmium tetroxide (OsO~4~). Sections were prepared and examined under an electron microscope (Philips CM10; Philips).

The mitochondria of the injured lateral cerebral cortex were observed under an electron microscope and neuronal mitochondria were semi-quantitatively analyzed according to a previously published method (Flameng et al., 1980). Five fields of view were randomly selected at the same magnification, and approximately 20 mitochondria were randomly selected from each field of view. A total of 80 mitochondria were analyzed per animal. According to the degree of mitochondrial damage, scores of 0--4 grades were made for each mitochondrion (the higher the level, the heavier the damage). The average score of each group of mitochondria was calculated and compared. The details of Flameng's scale (Flameng et al., 1980) are listed in **[Table 1](#T1){ref-type="table"}**.

###### 

Flameng's scale to evaluate mitochondrial damage

  Grade                  Morphological change
  ---------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Level 0 (0 points)     Normal structure
  Level I (1 point)      The structure is basically normal, but the matrix particles are lost (slight swelling, matrix density is reduced, cristae separation)
  Level II (2 points)    Mitochondrial swelling (reduced matrix density, cristae separation); matrix is transparent, cristae is not broken
  Level III (3 points)   Mitochondrial cristae rupture, matrix coagulation (severe swelling)
  Level IV (4 points)    Mitochondrial cristae rupture, the integrity of the inner and outer membranes disappears, and becomes vacuolated (severe swelling, rupture of the inner and outer membranes)

Western blot assay {#sec2-13}
------------------

Protein was extracted from the injured side cortical tissue of all treatment groups using a Total Protein Extraction Kit or a Mitochondria Fractionation Kit (Beyotime Institute of Biotechnology, Haimen, China) following the manufacturer's protocols. The protein concentrations of the extracts were determined using an Enhanced BCA Protein Assay Kit (Beyotime Institute of Biotechnology). Western blot assay was performed as described previously using rabbit monoclonal anti-SIRT1, rabbit polyclonal anti-p-p38, rabbit polyclonal-anti p38, rabbit polyclonal anti-cleaved caspase-9 and caspase-3 (apoptosis related proteins), rabbit monoclonal anti-phospho-PERK, rabbit monoclonal anti-PERK, rabbit monoclonal anti-spliced XBP-1, mouse monoclonal anti-cleaved ATF6, rabbit monoclonal anti-GRP78 (endoplasmic reticulum stress related proteins) (1:1000; all Cell Signaling Technology, Danvers, MA, USA), and mouse monoclonal anti-GAPDH antibodies (1:1000; Abcam, Cambridge, UK). A horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody was used as the secondary antibody (1:2000; Zhongshan Golden Bridge Biotechnology, Beijing, China). The signal was visualized using enhanced chemiluminescence (Pierce, Rockford, IL, USA). Band optical density values were determined using Gel-Pro Analyzer Software (version 4.0, Media Cybernetics, Silver Spring, MD, USA). Quantities of optical densities were normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Statistical analysis {#sec2-14}
--------------------

Data are expressed as the mean ± SD. All data were analyzed for statistical significance using SPSS 20.0 software (IBM, Armonk, NY, USA). All data were analyzed by one-way analysis of variance combined with Tukey's multiple-comparisons test. The Kaplan-Meier method was used to calculate the survival rate of each group and the survival curve was drawn. Results were compared using the log-rank test. A *P* value \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Polydatin upregulates SIRT1 expression and activity post-TBI {#sec2-15}
------------------------------------------------------------

As shown in **Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"}**, polydatin and SRT1720 increased SIRT1 expression and activity to similar levels in injured cortices after TBI (*P* \< 0.05).

![Polydatin or the SIRT1 activator SRT1720 upregulates SIRT1 expression and activity post-TBI.\
TBI was induced by lateral fluid percussion in rats, followed by administration of PD (30 mg/kg, intraperitoneally) or SRT1720 (20 mg/kg, intraperitoneally). The rat injured-side cortex was isolated at 6 hours post-TBI. (A) SIRT1 levels were assessed by western blot assay. (B) Relative band densities of SIRT1. The densities of the protein bands were analyzed and normalized to GAPDH. (C) Relative fluorescence intensity of SIRT1. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. SIRT1: Silent information regulator family protein 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PD: polydatin; TBI: traumatic brain injury.](NRR-14-1573-g002){#F1}

Polydatin suppresses mitochondrial reactive oxygen species accumulation and oxidative stress response post-TBI {#sec2-16}
--------------------------------------------------------------------------------------------------------------

To explore whether polydatin suppresses the oxidative stress response by upregulating SIRT1, we treated rats with SRT1702 and polydatin post-TBI. Compared with the sham group, neuronal mitochondrial reactive oxygen species levels were lower in the TBI + polydatin and TBI + SRT1720 groups (*P* \< 0.05; **Figure [2A](#F2){ref-type="fig"}** and **[B](#F2){ref-type="fig"}**). Furthermore, oxidative stress response and homeostasis were restored in the TBI + polydatin and TBI + SRT1720 groups. Treatment with polydatin and SRT1720 inhibited TBI-induced MDA expression and increased SOD levels in injured cortices post-TBI (*P* \< 0.05; **Figure [2C](#F2){ref-type="fig"}** and **[D](#F2){ref-type="fig"}**).

![Polydatin suppresses mitochondrial reactive oxygen species accumulation and oxidative stress response post-TBI.\
(A) Neurons were isolated from the rat injured-side cortex, and were labeled with 4 µM MitoSOX for detection of mitochondrial superoxide. Mitochondrial reactive oxygen species (O~2~ ^--^.) was detected using the fluorescent MitoSOX probe. Flow cytometry was used to analyze TBI-induced mitochondrial superoxide. (B) Quantification of mitochondrial superoxide post-TBI. (C) Quantification of MDA levels in the rat injured-side cortex detected by enzyme linked immunosorbent assay. (D) Quantification of SOD levels in the rat injured-side cortex detected by enzyme linked immunosorbent assay. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury; MDA: malondialdehyde; SOD: superoxide dismutase; SRT1720: SIRT1 activator.](NRR-14-1573-g003){#F2}

Polydatin attenuates neuronal mitochondrial damage post-TBI {#sec2-17}
-----------------------------------------------------------

To detect whether polydatin has a protective effect on neuronal mitochondria, the mitochondrial morphology change in the SRT1720 or polydatin treated rats was detected by transmission electron microscope (**[Figure 3A](#F3){ref-type="fig"}**). In the sham group, neuronal mitochondria showed intact mitochondrial membranes and cristae. In contrast, in the TBI group, mitochondria were swollen and irregularly shaped. The mitochondrial cristae appeared disordered and poorly demarcated. However, both polydatin and SRT1720 treatment showed markedly fewer alterations to neuronal mitochondria. The results were confirmed after the structural damage of neuronal mitochondria was quantified using Flameng's score (*P* \< 0.05; **[Figure 3B](#F3){ref-type="fig"}**).

![Polydatin attenuates neuron mitochondrial damage post-TBI.\
(A) Ultrastructure of neuronal mitochondria observed by transmission electron microscopy. Scale bar: 500 nm. (a) Normal neuronal mitochondria showed an intact mitochondrial membranes and cristae in the sham group (yellow arrows). (b). In the TBI group, mitochondria were swollen, irregularly shaped; the mitochondrial cristae appeared disordered and poorly demarcated (red arrows). (c and d) In the TBI + SRT1720 (SIRT1 activator) and TBI + PD groups, PD or SRT1720 treatment markedly improved neuron mitochondrial alterations (blue arrows), respectively. (B) Change of neuronal mitochondria structural damage by Flameng's score. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury.](NRR-14-1573-g004){#F3}

Polydatin inhibits MMP collapse and mPTP opening post-TBI {#sec2-18}
---------------------------------------------------------

We next investigated whether polydatin could prevent TBI-induced neuronal MMP loss through upregulating SIRT1. Because JC-1 fluorescence change from red to green represents mitochondrial depolarization (low MMP) level, the neurons with low MMP could be detected. The percentage of low MMP was 9.7% in the sham group, and increased to 42.7% in the TBI group (*P* \< 0.05; **Figure [4Aa](#F4){ref-type="fig"}**, **[b](#F4){ref-type="fig"}** and **[B](#F4){ref-type="fig"}**). In contrast, either polydatin or SRT1720 treatment decreased the TBI effect to restore the neuronal MMP (*P* \< 0.05; **Figure [4Ac](#F4){ref-type="fig"}**, **[d](#F4){ref-type="fig"}** and **[B](#F4){ref-type="fig"}**). Calcein-AM was loaded into cells that were simultaneously incubated with 1 mM CoCl~2~, which quenches calcein fluorescence in the cytosol but not in mitochondria, because Co^2+^ ions have difficultly penetrating the inner membrane of mitochondria. However, if mPTP opening occurs Co^2+^ can enter the mitochondria, resulting in quenching of the matrix calcein fluorescence. Flow cytometry results showed that the green calcein fluorescence intensity of mitochondria in calcein-AM + Co^2+^ exposed cells decreased in the TBI group but remained higher after treatment with polydatin and SRT1720 (*P* \< 0.05; **Figure [5 Ac](#F5){ref-type="fig"}**, **[d](#F5){ref-type="fig"}** and **[B](#F5){ref-type="fig"}**).

![Polydatin inhibits the collapse of mitochondrial membrane potential post-TBI.\
(A) Neurons were isolated from the injured-side cortices of rats, and were labeled with 5 µM JC-1 to detect mitochondrial depolarization by flow cytometry (low mitochondrial membrane potential), upper right: normal cells (JC-1 aggregates), low right: injured cells (JC-1 monomer), upper and low left: undetected by JC-1. (B) Percentage of mitochondrial membranes with low potential visualized with JC-1 fluorescence. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury; JC-1: tetrachloro-tetraethylbenzimidazolocarbocyanine iodide; SRT1720: SIRT1 activator.](NRR-14-1573-g005){#F4}

![Polydatin inhibits mitochondrial permeability transition pore opening post-TBI.\
(A) Neurons were isolated from the injured-side cortices of rats, and the opening of mitochondrial permeability transition pore was detected by calcein-AM and CoCl~2~ staining with green fluorescence, and tested by flow cytometry. (B) Green fluorescence intensity of mitochondria. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury; SRT1720: SIRT1 activator.](NRR-14-1573-g006){#F5}

Polydatin inhibits p38 MAPK signaling and mitochondrial apoptotic pathway {#sec2-19}
-------------------------------------------------------------------------

Since SIRT is an upstream factor involved in p38 phosphorylation initiation of neuronal mitochondria damage and apoptosis (Zhao et al., 2012; Yang et al., 2017), we asked whether polydatin could inhibit p38 phosphorylation by upregulating SIRT1. Both polydatin and SRT1720 treatments markedly suppressed TBI-induced p38 phosphorylation (**Figure [6A](#F6){ref-type="fig"}** and **[B](#F6){ref-type="fig"}**). Cleaved caspase-9 and -3 expression was dramatically reduced in the TBI + SRT1720 and TBI+ polydatin groups, indicating inhibition of the mitochondrial apoptotic pathway (**Figure [6A](#F6){ref-type="fig"}**, **[C](#F6){ref-type="fig"}** and **[D](#F6){ref-type="fig"}**).

![Polydatin inhibits p38 MAPK signaling and the mitochondrial apoptotic pathway post-TBI.\
(A) Western blot assay of p-p38, p38, cleaved caspase-9 and -3. (B) Relative band densities of p-p38 protein: The densities of the protein bands were analyzed and normalized to p38. (C, D) Relative band densities of cleaved caspase-9 and -3 proteins, respectively: The densities of the protein bands were analyzed and normalized to GAPDH. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury; p38 MAPK: p38 mitogen activated protein kinase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SRT1720: SIRT1 activator.](NRR-14-1573-g007){#F6}

Polydatin inhibits the endoplasmic reticulum stress response post-TBI {#sec2-20}
---------------------------------------------------------------------

In addition to mitochondrial damage, TBI induces endoplasmic reticulum stress, then triggers the unfolded protein response cascade, which leads to secondary damage post-TBI. Therefore, we tested whether polydatin alleviated the endoplasmic reticulum stress response in injured cortices post-TBI. Endoplasmic reticulum stress related unfolded protein activation was markedly reduced in the TBI + SRT1720 and TBI + polydatin groups, including suppressed PERK phosphorylation, decreased spliced XBP-1 and cleaved ATF6 expression, and increased GRP78 expression (*P* \< 0.05; **[Figure 7](#F7){ref-type="fig"}**).

![Polydatin inhibits the endoplasmic reticulum stress response post-TBI.\
(A) Western blot assay of p-PERK, PERK, spliced XBP-1, cleaved ATF6, and GRP78. (B) Relative band densities of p-PERK protein: The densities of the protein bands were analyzed and normalized to PERK. (C--E) Relative band densities of spliced XBP-1, spliced cleaved ATF6 and GRP78 proteins, respectively: The densities of the protein bands were analyzed and normalized to GAPDH. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. TBI group. PD: Polydatin; TBI: traumatic brain injury; p-PERK: phosphorylated protein kinase R-like endoplasmic reticulum kinase; PERK: protein kinase R-like endoplasmic reticulum kinase; XBP-1: X box-binding protein-1; ATF6: activating transcription factor 6; GRP78: glucose-regulated protein 78; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SRT1720: SIRT1 activator.](NRR-14-1573-g008){#F7}

Polydatin increases neurological scores and survival duration in TBI rats {#sec2-21}
-------------------------------------------------------------------------

To investigate whether polydatin promoted the recovery of neurological score in TBI rats, we monitored neurological function at different indicated times post-TBI (6, 12, 24, 72 and 168 hours). Treatment with polydatin and SRT1720 both restored neurological score within 168 hours post-TBI (*P* \< 0.05; **[Figure 8A](#F8){ref-type="fig"}**). Moreover, although a log-rank test suggested that there was no significant overall difference among these groups, polydatin and SRT1720 treatment both reduced rat mortality from 50% to 40% post-TBI (log-rank test, χ^2^ = 6.281, *P* = 0.099 \> 0.05; HR: 1.657, 95%CI: 0.943--2.911; **[Figure 8B](#F8){ref-type="fig"}**).

![Polydatin improves neurological score and increases survival duration of rats post-TBI.\
(A) Neurological scores were evaluated at different times (6, 12, 24, 72 and 168 hours post-TBI; *n* = 6; one-way analysis of variance followed by Tukey's multiple-comparisons test). (B) Kaplan-Meier program for survival duration of rats in each group. All data are expressed as the mean ± SD (*n* = 10; log-rank test). \**P* \< 0.05, *vs*. sham group. PD: Polydatin; TBI: traumatic brain injury; SRT1720: SIRT1 activator.](NRR-14-1573-g009){#F8}

Discussion {#sec1-4}
==========

TBI is a major socioeconomic problem and a common cause of death and disability worldwide (Menon et al., 2010; Lyeth, 2016). Due to the untreatable nature of the TBI primary injury, the subsequent secondary brain injury has become the main focus of most research to explore potential intervention targets for treatment of TBI (Chiu and Hinson, 2017). We recently found that SIRT1 upregulation has a protective effect on neuronal mitochondria, preventing the secondary damage after TBI (Yang et al., 2017). In cerebral ischemia/reperfusion injury, evidence suggests that polydatin can exert its neuroprotective effect because it crosses the blood-brain barrier (Cheng et al., 2006; Su and Hsieh, 2011; Ruan et al., 2019). Furthermore, polydatin is a SIRT1 activator and can reinstate SIRT1 activity as demonstrated in the kidney and hepatocytes after hemorrhagic injury (Li et al., 2015b; Zeng et al., 2016). Here, whether polydatin could upregulate neuronal SIRT1 expression and reinstate SIRT1 activity post-TBI was tested by treating rats with a SIRT1 activator (SRT1720) or polydatin after inducing TBI. The results showed that polydatin noticeably promotes SIRT1 expression and activity, indicating that polydatin has a neuroprotective role in preventing secondary damage *via* upregulation of SIRT1 expression and activity post-TBI.

Mitochondria are critical to maintaining neuronal homeostasis through a myriad of intricate processes (Gajavelli et al., 2015). The main cause of secondary deleterious cascades in TBI is neuronal damage, which is closely linked to mitochondrial function (Boeck et al., 2013; Wang et al., 2013, 2015). Reactive oxygen species can directly cause mitochondrial damage and the opening of mPTP (Song et al., 2011; Li et al., 2015b). Furthermore, TBI causes neuronal mitochondrial dysfunction, as a result of reactive oxygen species accumulation in mitochondria, decreased MMP and mPTP opening (Yang et al., 2017; Khatri et al., 2018; Tan et al., 2018). Various studies have demonstrated that polydatin is a mitochondrial protector that maintains mitochondrial function in the kidney, small intestine, liver, neurons, ventricular myocytes and smooth muscle cells after hemorrhagic injury or sepsis (Wang et al., 2012, 2015; Li et al., 2015b; Zeng et al., 2015a, b, 2016). In this study, polydatin showed clear mitochondrial protective effects, by preventing mitochondrial reactive oxygen species accumulation, alleviating ultrastructural damage of neuronal mitochondria, restoring MMP and inhibiting mPTP opening. Moreover, the mitochondrial protective effect of polydatin might be associated with increased expression and activity of SIRT1 post-TBI.

MAPK cascades, for instance the p38 extracellular signal-regulated kinase cascade or c-Jun N-terminal kinase cascades are involved in most brain injuries (Nozaki et al., 2001; Zhang et al., 2015). Several studies have suggested that activated p38 MAPK phosphorylation exerts an essential effect on stress-induced neuronal death; however, both *in vivo* and *in vitro* experiments have shown that inhibition of p38 MAPK phosphorylation reduces ischemic brain injury and leads to neuroprotection (Takeda and Ichijo, 2002; Li et al., 2015a). More importantly, TBI induces a significant increase in p38 phosphorylation, whereas a p38 MAPK inhibitor reduces this effect and inhibits activation of the mitochondrial apoptotic pathway (Yang et al., 2017). In addition, the SIRT1 inhibitor activates the p38 phosphorylation-mediated mitochondrial apoptotic pathway after TBI (Yang et al., 2017). Consistent with this, we found that treatment of TBI rats with polydatin or the SIRT1 activator SRT1720 reduced TBI-induced p38 phosphorylation and cleavage of caspase-9 and -3. Therefore, we speculate that polydatin inhibits p38 phosphorylation, which results in mitochondrial apoptosis, through SIRT1 upregulation, thereby providing a protective effect on neuronal mitochondria and blocking secondary brain injury post-TBI. Nonetheless, the underlying mechanism requires further investigation.

Endoplasmic reticulum stress is clearly linked to the fates of neurons after brain injury (Logsdon et al., 2014; Gulyaeva, 2015; Go et al., 2017). Pathological and behavioral deficits resulting from secondary injury cascades after TBI might contribute to endoplasmic reticulum stress, and reducing such stress in the hippocampus could improve learning and memory post-TBI (Dash et al., 2015). Inhibition of endoplasmic reticulum stress response could down-regulate proinflammatory cytokine levels and exert neuroprotection post-TBI (Gao et al., 2018). Consistent with this, we found that the major endoplasmic reticulum stress activated unfolded protein response signal transduction pathway initiators PERK-eIF2α-ATF4, IRE1XBP-1, and ATF6 are activated post-TBI, which further damage neuronal mitochondria (Tan et al., 2018). We found that treatment of TBI-rats with polydatin or the SIRT1 activator SRT1720 significantly inhibited the expression of TBI-induced endoplasmic reticulum stress-related proteins. Specifically, p-PERK phosphorylation, spliced XBP-1, and cleaved ATF6 expression were all reduced.

In conclusion, polydatin can protect neuronal mitochondria by suppressing endoplasmic reticulum stress, inhibiting the accumulation of reactive oxygen species in mitochondria, alleviating ultrastructural damage of neuronal mitochondria, restoring MMP and inhibiting mPTP opening. The underlying mechanisms seem to be associated with increased SIRT1 expression and activity, which inhibits the p38 phosphorylation-mediated mitochondrial apoptotic pathway and blocks secondary brain injury post-TBI. Furthermore, polydatin restored neurological scores and reduced the mortality of TBI rats. Therefore, polydatin may be a good choice for mitochondrial protection and treatment of TBI, which will hopefully be confirmed in future clinical trials.
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